Figure 1. Coherent anti-Stokes Raman scattering (CARS) intensity profiles for a two-channel chip. High intensities indicate higher concentration of deuterated toluene. C 7 D 8 : Deuterated toluene. C 7 H 8 : Toluene.
resonant and nonresonant scattering at the CARS frequency. The resonant contribution originates from the analyte to be investigated, i.e., it is the part of the signal that accounts for the chemical sensitivity of the method. The nonresonant signal stems from the presence of any molecules and reduces the chemical image contrast. The two-channel microfluidic chip design, which uses deuterated isotopomers as internal standards (i.e., as a baseline for the image), allows fast and quantitative detection of analytes by CARS microscopy. Our experimental design departs from conventional CARS imaging by simultaneously measuring the chemically relevant Raman-resonant signal and the non-Raman-resonant background, and forms the basis for incorporating pulse-shaper-assisted optimal control of image contrast.
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In a proof-of-concept experiment we used a two-channel microfluidic chip for quantitative CARS detection. We filled one of the channels of the chip with our model compound, deuterated toluene (C 7 D 8 ). The other channel contained toluene (C 7 H 8 / as the reference sample. The droplet-based microfluidic device allows straightforward concentration-dependent measurements of binary C 7 D 8 /C 7 H 8 mixtures to determine the detection limit of C 7 D 8 (see Figure 1 ). When C 7 D 8 is diluted in C 7 H 8 , the contribution of the C-D vibration to the overall CARS signal (which we selected to be in resonance with the lasers used in the experiment) decreases. When the detection limit is reached, the vibrationally resonant C-D signal becomes indistinguishable from the intrinsic background.
The results of these CARS microscopic concentration-series experiments showed that a detection limit for deuterated toluene dissolved in toluene is reached at x (C 7 D 8 /D0:05, which translates into a molar concentration of about 470mM. This value relates to the ratio of vibrationally resonant CARS signal to vibrationally nonresonant background in a homodyne detection scheme. 5 Finally, we combined strategies of optimal control, which are well known from spectroscopic experiments, with CARS microscopy. The setup uses an evolutionary algorithmic strategy and closed-loop feedback together with a liquid-crystal spatial modulator to control the spectrum of the Stokes pulse within a CARS scheme to improve the vibrational contrast of the images. We optimized the CARS excitation spectrum for image contrast at a predetermined wavenumber position. The feedback uses an experimentally imposed fitness parameter generated from the image itself. This strategy (which was used for the images shown in Figure 1 ) enhances image contrast by a factor of up to 2.6.
In summary, furthering the use of CARS imaging as an analytical tool requires developing methods of quantifying and enhancing image contrast. Thus far, our results in combining microfluidics with strategies of optimal control have shown great promise. Our next steps will focus on detecting analytes in more complex media and on optimizing images using more realistic sample geometries.
